First described as interstitial Cajal-like cells, telocytes (TCs) are a peculiar interstitial cell type, discovered by serendipity in 2010 [1] and then identified in many vertebrate tissues and organs [2] . The name derives from the cells' extremely elongated, thin, tortuous, overlapping, and interconnected processes called telopodes (Tps), which form a typical three-dimensional network within the stroma. TCs are optimal candidates for maintaining tissue homeostasis thanks to their strategic position in relation to stem cell niches, capillaries, and nerves. TCs are meant to be "connecting cells" [3] , because of their driving function in intercellular signaling by "stromal synapses" [4] and therefore, have drawn the attention of the scientific community for possible involvement in the pathophysiology of several disorders.
not been identified thus far, because the TC immunophenotype might be strictly dependent on the location and needs of the tissue.
In particular, only a few papers have focused on the presence of TCs in the eye [5, 6] . Luesma and colleagues detected interstitial cells with typical features of TCs in the lamina propria of mouse conjunctiva, but at present, no detailed information about immunophenotype and localization is available, in either healthy or pathologic human conjunctiva. A common disorder of bulbar conjunctiva is the chronic, degenerative, and hyperplastic condition called pterygium, a wing-shaped or triangular overgrowth of conjunctival mucosa that extends centripetally on the cornea. Pterygium is characterized by inflammatory features, marked neoangiogenesis, epithelial cell proliferation, and elastoid and basophilic degeneration of the subepithelial connective tissue [7] . There is consensus among researchers that pterygium is a type of benign disease, which, however, exhibits the typical features of a tumoral process. Because of pterygium's aggressiveness in recurrence after removal and tendency to invade the cornea leading to visual loss and diplopia [8] and to show several degrees of histopathological changes (extending from mild dysplasia to carcinoma in situ), the disease is now mostly considered a neoplastic-like growth disorder [9, 10] . Moreover, some studies demonstrated an association between pterygium and preneoplastic lesions, such as primary acquired melanosis with atypia (PAM) [11, 12] . About pathogenesis of pterygium, ultraviolet radiation (UVR) seems to have a key role in the development of pterygium, although a plethora of risk factors, such as extracellular matrix remodeling [13] , inflammatory process [14] [15] [16] , antiapoptotic mechanisms [17] , cytokines [18] , growth and angiogenic factors [19, 20] , viral infections [21] , oxidative stress [22] , hypoxic ischemic injury [23] , anomaly in epithelial differentiation [24] , and defects in vitamin D and vitamin D receptor pathways [25] , have been proposed as causative agents. Moreover, possible involvement of bone marrow-derived progenitor cells has been suggested [26] [27] [28] .
Based on previous observations by several authors in identifying TCs in cavitary and parenchymatous organs, the purpose of the present study was to identify TCs in pterygium stroma and to investigate their immunophenotype and/or localization. Results highlighting possible differences between normal conjunctival mucosa and pterygium could be useful to better understand the pathogenesis of the lesion.
METHODS

Patients and study design:
The study was performed on a group of 45 pterygium samples obtained from patients (32 men and 13 women, age ranging from 28 to 82 years) who underwent surgery for pterygium removal at the Department of Surgical Science, Eye Clinic of the University of Cagliari. Most pterygia were located on the nasal side (33.73%). The morphology was clinically graded as atrophic (12, 27%), intermediate (27, 60%) , or fleshy (6, 13%) according to an assessment of pterygium translucency, and included 29 (64%) inflamed and 16 (36%) quiescent lesions. Moreover, 13 normal epibulbar conjunctiva samples, used as control tissues, were excised near the limbus from healthy donors (five men and eight women, age ranging from 13 to 77 years), with no signs or symptoms of pterygium or ocular surface disorder, during cataract surgery.
The study was conducted in adherence to the ARVO Statement on human subjects and was approved by the local Institutional Ethic Committee, and written consent was obtained from all patients before the beginning of the study, according to the Declaration of Helsinki. Patients did not receive any medication before surgery, except topical anesthetic; demographic and clinical information on patients, available in all cases, is reported in Table 1 .
Immunohistochemistry: Among the group of 45 pterygium samples, 40 specimens were 10% formalin-fixed and processed for paraffin embedding; moreover, ten epibulbar conjunctiva biopsy, among the group of 13 samples from healthy donors, were fixed in formalin, embedded in paraffin, and used as normal controls. Three microtome histological sections (6-7 µm thick) per sample were treated for the immunohistochemical analysis of 11 antigens (Table 2) with the streptavidin-biotin alkaline phosphatase method, as previously described [25] . They were dewaxed, rehydrated, and rinsed in PBS (1X; 120 mM NaCl, 20 mM KCl, 10 mM NaPO 4 , 5 mM KPO 4 , pH 7.4). When needed, water bath heating-based antigen retrieval was performed by immersion in Tris 10 mM and EDTA 1 mM (pH 9.0) for 20 min, or in citrate buffer, 10 mM (pH 6.0) for 30 min, or Tris 0.5 M (pH 10.0) for 30 min at 95 °C, followed by cooling for 20 min at room temperature (RT). Proteolytic antigen retrieval was obtained with immersion in a solution containing 0.1% Trypsin (Difco, Becton, Dickinson and Company, Sparks, MD), at 37 °C for 5 or 10 min. Furthermore, sections were treated for 45 min at RT with 10% non-immune serum to block non-specific binding and then incubated with the primary antibodies for 1 h at RT or overnight at 4 °C. The sources, dilutions, time of incubation, and details of the primary antibodies used for the immunohistochemical staining, according to the Resource Identification Initiative, are reported in Table 2 [29] . Biotinylated anti-mouse, antirabbit, or anti-goat was used as secondary antisera (1:200; Vector Laboratories, Burlingame, CA) and incubated for 30 min at RT. The sections were further incubated in alkaline phosphatase streptavidin (1:1,000, Vector Laboratories) for 30 min at RT and reacted with the SIGMAFAST TM Fast red substrate-chromogen system (Sigma, St. Louis, MO). All sections were thoroughly rinsed in PBS between each step and counterstained with Carazzi hematoxylin and mounted in glycerol gelatin (Sigma).
Sections of archival human biopsy specimens were used as positive controls: terminal ileum for PDGFRα; tonsil for CD34; skin for c-kit, vimentin, α-SMA, and laminin; and known-positive melanoma for nestin, S-100, VEGF, CD133, and CD31. Negative controls were obtained by omitting the primary antibody or by replacing the primary antibody with an isotype-matched antibody. Positive and negative controls were run simultaneously. Adobe Photoshop CS3 Extended (ver. 10.0; Adobe Systems Inc., San Jose, CA) was used to set up the figure panels and for slight adjustments of brightness and contrast.
Scoring: Immunoreactivity was independently assessed by two experienced observers (CM and DM) in a blinded fashion. In each of the three sections per sample, the immunoreactivity was scored semiquantitatively (+++, ++, +, and ±, for strong, moderate, mild, and weak, respectively; -stands for absence of staining) [30] in four to six randomly chosen microscopic fields (40X original magnification).
Double immunofluorescence:
A simultaneous procedure, as previously described [31, 32] (36) sections were imaged using a Zeiss Axioplan2 microscope (HBO 100 illuminator; mercury vapor, short arc lamp) equipped with the appropriate filter sets to distinguish the chosen fluorochromes and the objectives and digital camera mentioned above. The displayed figure panel was set up with Adobe Photoshop; only slight adjustments of brightness and contrast were performed.
Transmission electron microscopy: Five pterygium samples (among the group of 45) and three bulbar conjunctiva biopsies (among the group of 13) were used for the ultrastructural analysis as previously described [33] . The specimens were cut into small pieces and fixed for 2 h at RT with a mixture of 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). Then, they were rinsed in cacodylate buffer with 3.5% sucrose added, fixed with osmium tetroxide, dehydrated, and embedded in Epon Resin (Glycidyl Ether 100; Merck, Darmstadt, Germany). Randomly selected tissue blocks from each patient were used to prepare sections for light and electron microscopic studies. Semithin sections stained with toluidine blue were observed and captured with the microscope Zeiss Axioplan2 to check the histological appearance. Ultrathin sections (90-100 nm) were cut with a diamond knife, collected on grids, stained with uranyl acetate and bismuth subnitrate, and observed and randomly photographed under a JEOL 100S (Tokyo, Japan) transmission electron microscope.
RESULTS
TCs, morphologically identified by their elongated and moniliform prolongations, in pterygium were localized underneath the epithelium along the basement membrane and in the lamina propria ( Figure 1A ,B,E,F,I,K); in the stromal compartment, the TCs were widespread and arranged in perivascular sheaths around the newly formed vessels ( Figure  1A ,B,E-G,J), and near the nerves and scattered in the stroma, where they ran in bundles, parallel to the epithelium and resembling the elastic fiber orientation ( Figure 1A ,E,J). Pterygium and normal conjunctiva shared the same TC distribution pattern; however, in pterygium marked stromal TC hyperplasia was detected ( Figure 1A ,E,J). In addition, in certain areas, the arrangement in parallel bundles went missing and was replaced with a wide TC network ( Figure  1E ). In those areas of pterygium in which the degeneration of the elastic fibers reached the highest level, the stroma became fibrotic, and turned into cicatricial tissue, where TCs and fibroblasts were almost absent ( Figure 1C ). On the border of the cicatricial area, a group of stellate TCs, with at least five extremely long, branched, dendritic-like processes, was observed ( Figure 1C ). The analysis of the immunophenotype of the TCs (Table 3) PDGFRα-, CD34-, and nestin-positive TCs were detected in the connective stroma, around the vessels, along the basement membrane, and scattered in the stroma with long interconnected Tps (Figure 1 ). The immunohistochemical results were confirmed with double immunofluorescence labeling, revealing that in pterygium stromal TCs always showed a PDGFRα+/nestin+ (Figure 2A-C) and PDGFRα+/ CD34+ ( Figure 2E-G) immunophenotype. Nestin was always expressed in a punctate/granular pattern ( Figure 2B,C) . The scattered conjunctival stromal TCs always showed a PDGFRα+/nestin-( Figure 2D ) and PDGFRα+/CD34+ ( Figure  2H ) immunophenotype.
Telocytes also showed moderate immunoreactivity to vimentin ( Figure 3C ) and VEGF ( Figure 3D ), and weak staining to S100 ( Figure 3E ) and laminin ( Figure 3F anti-human CD34. I-L: anti-human nestin. Pterygium and conjunctiva shared the same telocyte distribution pattern; however, in pterygium marked stromal TC hyperplasia was observed (A,E,J). In pterygium, strong immunoreactivity to PDGFRα, CD34, and nestin was localized underneath the epithelium along the basement membrane (A,E,F,I,K). In the stroma, immunoreactive TCs were widespread and arranged in perivascular sheaths around the newly formed vessels (A,B,E-G,J), as well as scattered in the stroma, where the TCs ran in bundles, parallel to the epithelium and simulating the course of elastic fibers (A,E,J). C: In the fibrotic areas, TCs were almost absent, but on the border of the cicatricial area, stellate PDGFRα immunoreactive TCs, with at least five extremely long, branched, dendritic-like processes, were detectable (arrows). E: The organization in parallel bundles went missing and was replaced with a wide TC network (arrows). K: High magnification of a nestin-positive TC, with very long telopodes, running along the basement membrane, was detectable. In conjunctiva, mild immunoreactivity to PDGFRα (D) and CD34 (H) was observed. No immunostaining to nestin (L) was detected in any cases. Scale bar: A-J,L = 50 µm; K = 20 µm.
The conjunctival TCs (Table 3) showed mild immunoreactivity to PDGFRα ( Figure 1D ), CD34 ( Figure 1H) , and vimentin and weak staining to S100 and laminin; no immunostaining to nestin ( Figure 1L ), VEGF, and CD133 was detected in any case. Moreover, in pterygium ( Figure 3A ) and conjunctiva ( Figure 3B ), the TCs were always negative for c-kit. The only scattered c-kit-immunoreactive cells were morphologically identifiable as mast cells. Furthermore, only adventitial TCs of the perivascular sheaths showed marked staining to α-SMA ( Figure 3G,H) .
Transmission electron microscopy:
In the electron transmission microscopy images of pterygium, TCs exhibited a small cell body of variable shapes (round, ovoid, spindle, or triangular) and frequently two to three remarkable Tps extending from the cell body. The Tps varied in length and width and were characterized by alternating thin (podomers) 
SE-TCs, sub-epithelial telocytes. S-TCs, stromal telocytes. PVS-TCs, perivascular sheaths telocytes. VE, vascular endothelium. +++, strong immunoreactivity. ++, moderate immunoreactivity. +, mild immunoreactivity. ±, weak immunoreactivity. -, absence of immunoreactivity and varicose (podoms) segments, giving the Tps a moniliform aspect; they appeared convoluted and sometimes branched. The nucleus, large, often irregular, and indented, occupied most part of the cell body. In the scant cytoplasm surrounding the nucleus, mitochondria, endoplasmic reticulum, Golgi apparatus, vesicles, different in size and shape, and small granules were well represented. Moreover, the typical cellular organelles, especially mitochondria and vesicles, were easily appreciable in the cytoplasm of Tps.
In pterygium, TCs were observed around blood vessels, scattered in the lamina propria ( Figure 4A,B) , and adjacent to the basement membrane of the epithelium ( Figure 4C) ; focal heterocellular contact points between Tps and different types of cells were observed. In the stroma of pterygium, a small cell of about 5 µm, with a high nucleocytoplasmic ratio, indented heterochromatic nucleus, and low density of organelles, morphologically resembling a stem cell, next to a small blood vessel and in close relation with a Tp of a TC, was detected ( Figure 4A ). The cell showed at least eight heterocellular contact points with podoms, containing vesicles, of the Tp. Moreover, in all samples, several Tps forming sheaths around vessels were observed ( Figure 4A,B) . In the basal layer of pterygium epithelium, an epithelial stem cell, adjacent to Tps running parallel to the line of stromal-epithelial junction, was observed ( Figure 4C ). In mere observation, the morphological features and distribution of TCs in the pterygium samples (Figure 4 ) appeared similar to those observed in the conjunctiva samples ( Figure 5 ).
DISCUSSION
TCs are an eclectic cell population hard to identify with conventional microscopy but very easy to reveal due to their characteristic ultrastructure. However, taking into account the constitutive limitations of two-dimensional (2D) electron microscopy, which cannot explore the whole surface of the cell body of the examined stromal cells and to ensure "a safe diagnosis of TCs" [34] , in accordance with the recent publications by Neuhaus et al. [35] and Vannucchi et al. [36] , the In pterygium, stromal TCs showed moderate immunostaining to vimentin (C, arrows) and VEGF (D, arrows); weak staining to S100 (E, arrows) and laminin (F, arrows) in a few stromal TCs was observed. G,H: Only adventitial TCs of the perivascular sheaths showed evident staining to α-SMA. I: CD133 immunoreactivity in pterygium TCs was completely absent and limited to the endothelial cells of neoformed blood vessels. No immunostaining in conjunctiva was observed (J). In pterygium (K) and conjunctiva (L), only endothelial cells showed immunoreactivity to CD31. Scale bar: A-L = 50 µm. cells hereafter named "telocytes (TCs)" should, therefore, be seen as cells with "telocytic-like morphology" or "telocytelike cells" [6] .
TCs possess multiple phenotypes according to organ and animal species [2] , because these cells can adapt in response to locally received signals and depending to their functions. TCs' most commonly expressed markers are PDGFRα, CD34, and c-kit. To better understand the role of TCs, ultrastructural identification must be coupled with immunohistochemistry. Although in the last few years TCs Figure 4 . Transmission electron microscopy micrograph of pterygium. Elongated telocyte-like cells scattered in the stroma and around blood vessels were observed (A, B) . Several long and thin Tps circling small blood vessels (A, B) and adjacent to the basement membrane (C) of the epithelium were detected. In A, a Tp that formed heterocellular contact points (arrows) with a morphologically resembling stem cell was observed. C: A basal epithelial stem cell adjacent to Tps running parallel to the line of the stromal-epithelial junction. Scale bar: A-C = 1 µm.
have been widely studied in most tissues and organs, little is known about TCs in human conjunctiva, because the only available data are deduced from studies on the limbus and sclera [5, 6] , and, as far as we know, this is the first study to analyze and characterize TCs in pterygium. Thus, the aim of this study was twofold: to identify TCs in pterygium and to examine possible differences in TCs in terms of immunophenotype and/or localization between pterygium and normal conjunctiva, to evaluate possible involvement of TCs in pathogenesis of pterygium. We examined with immunohistochemistry a panel of 11 commercially available antibodies; among them, we demonstrated that in all pterygium samples TCs always express stemness markers, such as nestin, PDGFRα, and CD34, while c-kit was almost negative.
Nestin is a class VI intermediate filament protein first described in neuroepithelial stem cells and in nervous tissue during embryogenesis [37] , and in endothelial cells during angiogenesis [38] , but not in differentiated adult cells. Moreover, nestin has been also detected in some tumors, such as gliomas [39] and glioblastomas [40] , neuroblastomas [41] , and angiosarcomas [42] , and its positivity in vessels and tumoral cells may be considered a prognostic marker in melanoma and breast cancer [43, 44] . To the best of our knowledge, only a few papers [45, 46] have examined the distribution of nestin-positive cells in pterygium and conjunctiva. However, these studies focused on epithelium and stromal vessels; none described nestin distribution in the connective stroma. In the present study, the presence of TCs, always double positive for PDGFRα and nestin, was observable underneath the epithelium along the basement membrane and in the lamina propria. In the stroma, TCs were widespread and arranged in perivascular sheaths around the newly formed vessels, near the nerves, and scattered in the stroma, where the cells ran in bundles, parallel to the epithelium, similarly to that described by Marini and colleagues [47] in the corneal stroma, and possibly resembling the elastic fiber orientation. No expression of nestin was observed in conjunctival TCs, which always expressed a PDGFRα+/nestin-immunophenotype. As the expression of nestin has been documented in mesenchymal stem cells [48] , perhaps the presence of nestin in pterygium TCs could be explained by reactivation of nestin in multipotential cells with regenerative potential [49] , which might occur in pterygium under fibrotic conditions, to regenerate UVR-damaged stroma. This behavior is similar to that described for the regenerative potential of terminal Schwann cells (teloglia) of the neuromuscular junction after muscle denervation [50] . However, we should not be surprised as terminal Schwann cells and mesenchymal cells share a common embryonic origin from the neural crest [51] .
In addition to nestin and PDGFRα, immunophenotype analysis revealed that CD34, another stemness marker, was always expressed in pterygium TCs; the expression of CD34 in conjunctiva, as PDGFRα, was weaker than in pterygium. PDGFRα+/Nestin+ and PDGFRα+/CD34+ phenotypes would not exclude that, in some cases, these markers may be referred to an endothelial lineage, as it has been shown in several papers on TCs [6, [52] [53] [54] [55] . In our opinion, the maintenance of a stemness immunophenotype in adulthood reinforces a previous hypothesis, which considered TCs adult stromal mesenchymal cells able "to differentiate in different cell lines, when necessary" [56, 57] and supports our idea about the involvement of TCs in pterygium stromal repair, acting as nurse cells through stem cell modulation. To further support this hypothesis, in the stroma of a pterygium sample, treated for the ultrastructural analysis, we observed a small cell of about 5 µm, with a high nucleocytoplasmic ratio, indented heterochromatic nucleus, and low density of organelles, morphologically resembling a stem cell, next to a small blood vessel and in close relation with a Tp of a TC. This small cell, very similar to those described by Luesma et al. [5] in the stromal stem cell niches located in the corneoscleral junction, showed at least eight points of heterocellular contact with podoms, containing vesicles, of the Tp, in agreement with a previous study by Gherghiceanu and Popescu [58] . These junctions are probably necessary for stem cells to migrate between different layers of the eye, sliding along the dynamic scaffold created by the Tps of the TCs, recalling migrating neurons along the processes of radial glial cells during the development of the brain [59] . However, this mechanism in conjunctiva/pterygium must be elucidated, and further studies are required to clarify the characteristics of these junctions. Furthermore, in the basal layer of the pterygium epithelium, we observed an epithelial stem cell adjacent to Tps running along the basal membrane, probably because of the role of TCs in homeostatic renewal of the conjunctival epithelium [60] .
More than ten years ago, other researchers [26] [27] [28] demonstrated the presence of progenitor cells in pterygium stroma, but these cells had not been classified, as the term "telocyte" was proposed in 2010 by Popescu and FaussonePellegrini [1] . In the present study, in addition to immunoreactivity to nestin, PDGFRα, and CD34, pterygium TCs were negative for c-kit, probably because of its inconsistent expression in TCs. The only scattered c-kit-immunoreactive cells were morphologically identifiable as mast cells, as described by Vannucchi et al. [57, 61] in the human gastrointestinal tract and urinary bladder. CD133 immunoreactivity in TCs was totally absent and limited to the endothelial cells of neoformed blood vessels, which showed staining also for the pan-endothelial marker CD31, PDGFRα, CD34, nestin, vimentin, and VEGF. As expected, the TCs did not display any staining for CD31, in agreement with several authors [53, 62, 63] , who stated that a CD34
-immunophenotype would prevent doubtful interpretation between TCs and endothelial cells. Although we cannot completely exclude with 2D transmission electron microscopy that the observed cells are endothelial cells, we can claim their TC-like nature by the immunophenotypic characterization, at least in the context of conjunctiva/pterygium stroma.
Furthermore, in pterygium TCs showed moderate immunoreactivity to vimentin and VEGF, in agreement with previous data [64, 65] , while weak staining for S100 and laminin in scattered stromal telocyte-like cells was detected. It is well-established that a key role in the development of pterygium is represented by the intense angiogenic activity, triggered by chronic UVR-B exposure, responsible for the upregulation of VEGF induced by oxidative stress, hypoxia, and inflammation [66] . In pterygium, our tagging of stromal VEGF-positive cells as TCs might confirm their involvement as causative agents in the neoangiogenic activity, perhaps through a paracrine secretion. S100 protein was described in pancreas interstitial cells of Cajal (later identified as TCs) [67] , and in the epicardium [68] , and the contribution of S100 in the secretory activities of TCs was postulated in the uterine tube [69] . In the present study, S100-positive TCs were scattered in the lamina propria of pterygium and showed weak, much lower than that of the internal controls represented by stromal nerves, epithelial melanocytes, and Langerhans' cells. However, this result is not surprising, because it overlaps with that described in our first paper about pterygium [14] . Moreover, in pterygium only the adventitial TCs of the perivascular sheaths showed marked staining to α-SMA, probably because of the presence of two populations of TCs [61] with different contractile properties. This result was confirmed in conjunctiva.
Regarding TC distribution, in the study we observed that normal conjunctiva and pterygium shared the same pattern of localization; however, we observed marked TC hyperplasia in the pterygium stroma, probably due to hypoxia and to the inflammatory process, which are responsible for the migration of mesenchymal stem cells from their niches through the circulatory system [70] . In addition, in certain areas the arrangement in parallel bundles went missing and was replaced with a wide TC network, as reported by DiazFlores et al. [71] . Moreover, in agreement with the research by Fu and colleagues [72] in human liver fibrosis, in those areas of pterygium in which the degeneration of the elastic fibers reached the highest level, the stroma became fibrotic and turned into cicatricial tissue, where TCs and fibroblasts were almost absent. Furthermore, on the border of the cicatricial area, we observed the presence of stellate TCs with at least five extremely long, branched, and interconnected "dendritic-like processes", already called "modified Tps" [71] ; this finding is in agreement with previous observations by Erdag et al. [73] in other benign tumors, probably as a result of morphological alterations occurring in TCs during inflammatory processes [74] . However, this observation in pterygium must be elucidated further.
In conclusion, 2D transmission electron microscopy seems to be insufficient to distinguish TCs from other CD34+ stromal cells. Thus, it seems reasonable to call TCs "telocytelike cells", based on their morphological characteristics, together with their immunoreactivity to CD34, PDGFRα [75] , and nestin [52] . Therefore, TC-like cells in pterygium may represent a multipotential subpopulation of relatively immature cells with regenerative potential, and the expression of nestin may suggest the possible involvement of TC-like cells as active players in the regeneration of UVR-damaged stroma and vascular remodeling. The fibrosis and the absence of TC-like cells in the cicatricial area might represent the failure of the process of regeneration, due to cell modification induced by inflammation.
